the marrow cavity with RPMI 1640 medium (Life Technologies Inc., Grand Island, New York, USA) using a syringe equipped with a 25-gauge needle. Cell suspensions were prepared by homogenizing the extruded marrow between the frosted ends of sterile microscope slides. The M2-10B4 bone marrow stromal cell line was obtained from the American Type Culture Collection (Manassas, Virginia, USA). These fibroblastoid bone marrow stromal cells express androgen receptors (12) and support in vitro differentiation of immature B cells (15) . Cells were maintained in adherent culture in RPMI 1640 medium (Life Technologies Inc.) supplemented with 10% FCS (Life Technologies Inc.) and were passaged by treatment with trypsin/EDTA (Life Technologies Inc.). Stromal cells from testicular feminization mice were derived from marrow samples that were cultured in RPMI 1640 medium with 10% FCS. Adherent cells were passaged by trypsinization and studies were performed after three to five passages in vitro.
Cocultures of M2-10B4 cells and bone marrow cells.
In some experiments, bone marrow cells (7.5 × 10 6 to 10 × 10 6 ) were cultured in direct contact with M2-10B4 cells (3 × 10 5 ) in 4-well dishes (Corning Life Sciences. Corning, New York, USA) in 10 ml of RPMI/10% charcoal-stripped FCS (CSFCS; Hyclone Laboratories, Logan, Utah, USA). These cultures contained IL-7 (1 ng/ml), which was resupplied midway through the 10-day culture period. DHT (1 µM) or the ethanol vehicle was added to selected cultures. Nonadherent lymphoid cells were washed from the adherent monolayer by vigorous pipetting with cold PBS and prepared for flow cytometric analysis.
Soft agar cultures. B cell cloning in semisolid agar was performed using the method described by Kincade and colleagues (16, 17) . Under these conditions, IL-7 induces dose-dependent proliferation of immature B cell precursors (18) . Bone marrow cells were suspended in 0.3% agarose (Sigma Chemical Co., St. Louis, Missouri, USA) and McCoy's medium (Life Technologies Inc.), supplemented with NaHCO 3 , 2 mM L-glutamine, 16 µg/ml L-asparagine, 8 µg/ml L-serine, 1 mM sodium pyruvate, 0.8% MEM essential amino acids mixture (50×; Life Technologies Inc.), 0.4% MEM nonessential amino acids mixture (100×; Life Technologies Inc.), 0.6% sodium bicarbonate solution (7.5%), 5 × 10 -5 M 2-mercaptoethanol, and 15% CSFCS. The warmed agarose was added to the cells and medium immediately before dispensing into 48-well culture dishes (Corning Life Sciences, Acton, Massachusetts, USA). Each well contained 2 × 10 4 bone marrow cells in a total volume of 0.20 ml of the agarose/medium.
Recombinant murine IL-7 (Endogen Inc., Woburn, Massachusetts, USA) was used in concentrations of 0.1-50 ng/ml for the dose-response curve and at 1 ng/ml for subsequent experiments. Dexamethasone (DEX) and DHT (Sigma Chemical Co.) were added to soft agar cultures at various concentrations (10 -6 to 10 -10 M), as indicated in the individual experiments. Control cultures without added hormones or IL-7 produced 1.3 ± 0.5 colonies per 10 5 input cells.
Some soft agar cultures were done in the presence of an underlying monolayer of M2-10B4 stromal cells. For cultures with the stromal layer, 2.5 × 10 3 M2-10B4 cells in RPMI/10% FCS were added to the wells and allowed to adhere overnight at 37°C in an atmosphere of 5% CO 2 . The adherent cell layer was washed with RPMI/10% CSFCS and bone marrow cells suspended in agarose were added, so that the B cells were not in direct contact with the stromal cell layer. M2-10B4 stromal cells are known to produce B cell growth factors (19) , and preliminary experiments showed no additive effect of exogenous IL-7 on B cell colony formation in the presence of 10B4 cells (data not shown). Therefore, these cultures were done without added IL-7. Cultures were incubated for 6-10 days at 37°C in an atmosphere of 5% CO 2 , and colony formation was quantitated using an inverted microscope. A colony was defined as a cluster of at least 20 cells. Results were expressed as the number of colonies per 10 5 bone marrow cells that were originally added to the cultures. In some experiments, neutralization of TGF-β was achieved by addition of a pan-specific anti-TGF-β antibody (R&D Systems Inc., Minneapolis, Minnesota, USA) at a final concentration of 33 µg/ml. The neutralization dose 50 of this antibody for porcine TGF-β 1 is estimated by the manufacturer to be 5 µg/ml.
Stromal cell supernatants. In some experiments, supernatants from the M2-10B4 stromal cell line or from Tfm stromal cell cultures were incorporated into the agarose at final concentrations of 5-20%. Supernatants were prepared in 48-well plates (Corning Life Sciences), with 2.5 × 10 3 M2-10B4 cells seeded per well in 1 ml RPMI with 10% FCS. Cells were allowed to adhere overnight, and monolayers were washed with plain RPMI. Each well then received RPMI/10% CSFCS (1 ml) supplemented with DHT at 1 µM or a corresponding concentration of the ethanol vehicle alone. Supernatants were harvested after an incubation period of 1 week and stored in aliquots at -70°C until use. These supernatants contain approximately 0.5 ng/ml of bioactive IL-7, as measured in the colony formation assay, and therefore cultures containing these supernatants were not supplemented with exogenous IL-7.
TGF-β RNA expression. M2-10B4 cells were cultured in 10% CSFCS for 3 days. Cultures contained either DHT (1 µM) or the ethanol vehicle alone. Total RNA was prepared from the harvested cells using a commercial kit (RNeasy; QIAGEN Inc., Valencia, California, USA) and used as a template for RT-PCR with primers specific for murine TGF-β (CLONTECH Laboratories Inc., Palo Alto, California, USA). β-actin messenger RNA was amplified as a control. The gels were transferred to a filter and hybridized with a radiolabeled TGF-β cDNA probe (20) or with a β-actin probe prepared by PCR amplification. Blots were washed and exposed to Kodak XAR film(Eastman Kodak Co., Rochester, New York, USA).
TGF-β immunoassay. Measurement of TGF-β in culture supernatants was done using the Quantikine kit (R&D Systems Inc.). This assay is specific for the TGF-β 1 iso-form. Supernatants were acid-activated with HCl, and neutralized prior to assay, according to the manufacturer's directions. Supernatants tested without acid activation did not contain significant amounts of immunoreactive TGF-β. A standard curve was utilized to calculate concentrations.
In vivo mouse models of androgen blockade or androgen resistance. Androgen receptor blockade was carried out in intact male C57BL/6 mice by treatment with flutamide, a nonsteroidal agent with specific and purely antagonistic action at the level of the androgen receptor (AR) (21) . Animals were treated with subcutaneous flutamide pellets (10 mg or 15 mg; Innovative Research of America, Sarasota, Florida, USA) and sacrificed at the end of the 21-day release period.
Chimeric mice with AR expression in marrow restricted to either lymphoid cells or marrow stromal cells were prepared using C57BL/6 mice that were congenic for the T cell surface marker Thy 1.1 and testicular feminization mice (The Jackson Laboratory, Bar Harbor, Maine, USA) as described previously (22) . In brief, unseparated bone marrow cells (0.5 × 10 6 ) from donor mice were transferred intravenously into lethally irradiated (9 Gy) recipients of the opposite strain. Serum testosterone levels in irradiated recipients remained in the normal range (22) . The C57 congenics express the Thy 1.1 marker on all thymus-derived (T) lymphocytes; Tfm mice express the Thy 1.2 allele. This Thy 1 marker discordance permits assessment of donor cell survival in the irradiated host; 85% ± 5% of thymocytes from chimeric animals were of the donor phenotype. Animals were studied at 60 or more days after transplantation. In some experiments, recipients were castrated 60 days after transplantation. Androgen replacement was achieved in some castrated animals using subcutaneous pellets of DHT (0.5 mg; Innovative Research of America), and these animals were sacrificed at the completion of the 21-day release period. In previous studies we have shown that this dose of DHT reverses effects of castration on thymus size, returning it to normal (22) , suggesting that physiologic levels of hormone replacement are achieved. Bone marrow cells harvested from the transplanted mice were prepared for flow cytometry in FACS buffer (PBS with 2% BSA and 0.1% NaN 3 ), and 1 × 10 6 cells were incubated with conjugated monoclonal antibodies directed against the pan-B cell surface marker B220 (Pharmingen, San Diego, California, USA) and surface IgM (Sigma Chemical Co.) at 4°C for 30 minutes, washed, and fixed with 1% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, Pennsylvania, USA). Two-color analysis was performed on a FACStar Plus (Becton Dickinson Immunocytometry Systems, San Jose California, USA).
Statistics. Data are presented as the mean and SEM. Comparisons between groups were done using Student's t test. For the in vitro assays, in which samples from one animal were exposed to different treatments, a paired t test was used, comparing each hormone-treated sample to the corresponding control. P values less than 0.05 are considered significant.
Results
Androgens do not directly affect the colony-forming response of bone marrow B cell precursors to IL-7 in vitro. Studies of B cell colony formation by marrow cells in the presence of exogenous IL-7 revealed that half-maximal response was reached at approximately 1 ng/ml (Figure 1a ). This concentration of added IL-7 was used in experiments to evaluate any directly suppressive effects of androgens on marrow B cell differentiation. DHT at concentrations from 1 nM (data not shown) to 1 µM (Figure 1b ) had no effect, while DEX at 1 µM nearly completely prevented B cell colony formation ( Figure 1b) ; concentrations as low as 1 nM also prevented colony formation (data not shown). These direct effects of DEX on B cell colony formation, which are similar those reported previously using hydrocortisone (6) , are thought to be the result of glucocorticoidmediated apoptotic death of B cell precursors (23) . DHT does not appear to have this type of direct effect on immature B cells.
Androgens were found to exert indirect effects through the marrow stromal cells that support B cell development. When bone marrow cells were cocultured directly on a stromal cell support layer of M2-10B4 cells, suppressive effects of DHT (1µM) were observed (Figure 2) . In each of six experiments, the relative number of B220 lymphocytes in the harvested cell population was lower in the cultures with DHT than in corresponding control cultures containing the vehicle alone (P = 0.015).
Direct cell-cell contact between stromal cells and B cell precursors was not required for the androgenic effects. When bone marrow cells were plated in soft agar over a monolayer of M2-10B4 cells, both DEX and DHT treatment resulted in diminution of the number of B cell colonies (Figure 3 ). In cultures with 10 -6 M DHT (n = 9), 66 ± 25 colonies were formed compared with a corresponding control of 90 ± 29 colonies (P = 0.010). Cultures with 10 -7 M DHT (n = 4) also produced significantly fewer colonies (20.5% ± 5.2% decrease; P = 0.010). With 10 -8 M DHT (n = 4), the decrease was 13%, which was not statistically significant (P = 0.08). These findings suggest a role for M2-10B4-derived diffusible factors in mediating the negative effects of DHT on developing B cells. The negative effect of DEX in these cocultures was less profound than that which was observed in cultures without M2-10B4 cells (Figure 1b) , suggesting that factors other than IL-7 that are secreted by the M2-10B4 stromal cells may rescue some B cell precursors from glucocorticoid-mediated apoptosis.
The presence of stromal cells was not required for androgens to modify B cell colony formation. Culture supernatants from androgen-treated M2-10B4 cells showed reduced ability to support B cell colony formation in each experiment performed (Figure 4) . Medium from control and DHT-treated M2-10B4 cells was used to prepare soft agar cultures without added IL-7. Control 10B4 supernatants, used at final concentrations of 10% or 20%, supported B cell colony formation (supplementation with 5% of supernatant was insufficient to produce colonies). In eight independent experiments, the number of colonies formed was variable, but cultures with supernatants from DHTtreated stromal cells (final concentration 10%) produced fewer colonies than cultures with control supernatants. Differences between control and DHT cultures were modest in some instances, but the overall comparison between the treatments was significant (P = 0.0006; Figure 4 ). In these paired experiments, supernatants from androgen-treated stromal cells supported, on average, the formation of 40.5% ± 6.4% fewer colonies than supernatants from untreated cells. In comparable paired cultures, the addition of 20% concentrations of DHT-treated cell supernatants decreased B cell colony formation by an average of 28% ± 5.3% from the corresponding control (P = 0.0093; data not shown). The negative effects of DHT-conditioned supernatants on B cell colony formation could be due to either decreased production of a stimulatory factor or increased production of a suppressive factor. These two possibilities were evaluated in mixing experiments using DHT and control supernatants. Experiments testing supernatant concentrations of 10% and 20% showed suppressive activity in the DHT supernatants (mean 47% decrease vs. control), which persisted when mixed 1:1 with control supernatant (mean 50% decrease; P = 0.5; paired t test), suggesting the presence of a suppressive factor.
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The To test the hypothesis that expression of AR on stromal cells was required to mediate effects of DHT, bone marrow stromal cells from a Tfm/Y mouse were grown in vitro and used to generate control and DHT-conditioned supernatants. These supernatants were incorporated into agar cultures at a final concentration of 10% and effects on colony formation by normal C57BL/6 bone marrow cells were examined every 2-3 days from day 7 through day 14 of culture. DHT-conditioned supernatants from these cells did not show suppression of colony numbers below those measured in control cultures at any time point ( Figure 5 ). These findings are consistent with a requirement for AR expression by stromal cells to mediate effects of DHT on developing B lymphocytes.
The cytokine TGF-β was investigated as a potential mediator of the inhibitory effects of DHT on marrow stromal cell support of B cell colony formation. Treatment of M2-10B4 cells with DHT resulted in induction of TGF-β 1 RNA (Figure 6a) , with an increase relative to β-actin of 5.5-fold and 2.2-fold in two separate experiments. Upregulation of immunoreactive TGF-β was also observed. In a series of five cultures of M2-10B4 stromal cells, the mean level of activated TGF-β was 197 ± 91 pg/ml in control cultures and 621 ± 113 pg/ml in cultures with DHT (P = 0.018; Figure 6b ). Effects of neutralization of TGF-β activity on B cell colony formation were examined in soft agar cultures of bone marrow cells over a monolayer of M2-10B4 stromal cells. In five separate experiments, the inhibitory effect of DHT on B cell colony formation was reversed by the addition of anti-TGF-β (P = 0.026; Figure 6c) . Addition of anti-TGF-β alone had no significant effect on colony formation.
In vitro experiments suggest that androgens exert suppressive effects on B cell development and that these suppressive effects are exerted at the level of the marrow stromal cell. In vivo experiments with the antiandrogen flutamide support the dependence of these effects on androgen receptor signaling. Flutamide was administered to normal intact C57BL/6 male mice to inhibit androgen action in vivo and the effects on bone marrow cell populations were assessed. Both doses of flutamide (10 mg and 15 mg) were associated with expansion of the total B cell (B220 + ) pool, as well as the B220 + IgM + subset of marrow B cells (Figure 7) . To assess whether the requirement for androgen action at the stromal cell could also be demonstrated in vivo, bone marrow transplantation was used to create chimeric animals with AR expression restricted to either the marrow stromal cells or the marrow lymphoid compartment. Transplantation of AR -Tfm bone marrow cells into AR + C57 irradiated hosts resulted in a relative expansion in numbers of B220 cells in bone marrow (36.5% ± 5.9%) compared with normal C57BL/6 males (18.0% ± 3.0%; P = 0.011; not shown). These expanded populations of cells in the Tfm→C57 chimeras may be due to the larger numbers of B cells in the Tfm transplant inoculum (7). Castration of these chimeras did not have a significant effect on the B cell population (30.6% ± 3.7%), but androgen replacement with DHT resulted in an approximately 50% reduction in B220 cells, to 15.3% ± 3.3% of bone marrow cells (Figure 8 , left two bars). This change was largely accounted for by a reduction in the subpopulation of immature B cells that do not express surface IgM, which represented 15.14% ± 6.8% of bone marrow cells in castrated chimeras but only 5.0% ± 1.6% of cells in marrows from DHT-treated mice (P = 0.0032). In contrast, when C57 bone marrow cells were transplanted into a Tfm/Y AR -recipient ( Figure 8 , right two bars), androgen treatment had no effect on relative numbers of bone marrow B220 cells (31.04% ± 3.0% vs. 27.76% ± 6.3%; P = 0.63). These results indicate that AR + marrow stromal cells are required for androgens to exert negative effects on B lymphopoiesis.
Discussion
B lymphocyte development is an orderly process that takes place in bone marrow under the control of mesenchyme-derived stromal cells and cytokines or other small-molecular weight mediators produced by stromal cells and immature lymphocytes (19, 24) . A variety of hormones have been shown to be capable of altering B lymphopoiesis. Most of the effects of these hormones target the early pre-B cell stage of development. Some, such as growth hormone, IGF-I, and thyroxine, exert positive effects on B cell development (25) (26) (27) (28) . Others, including estrogens and androgens, induce negative, or downregulatory, effects (6, 12) . Peripheral B cell expansion in the castrated male is largely due to new emigrants from the bone marrow and not to expansion of a mature population (11) . This observation is consistent with the restriction of AR expression to the marrow compartment whereas mature cells in spleen, lymph node, and peripheral blood are negative for AR expression (29) (30) (31) . The present studies suggest that full expression of androgen action on B lymphopoiesis requires stromal cell expression of AR and stromal cellderived mediators, including TGF-β. The amount of TGF-β produced by stromal cells in response to DHT is similar to that which has been shown in other systems to be capable of inhibiting greater than 60% of colony formation by lymphoid progenitor cells (32) .
Of the various hormones that have known effects on B cells, the actions of estrogens have been the most well characterized. Treatment of mice in vivo with estrogens results in reduced B cell numbers, which are in large part due to effects on immature, cytoplasmic µ + pre-B cells (5) . Addition of estrogen in vitro to immature B cells in the absence of stromal cells has no effect on colony formation in soft agar (6) . Likewise, when stromal cells are added to the cultures of bone marrow cells, estrogen inhibits B cell responsiveness to IL-7. Direct contact between the stromal cells and the lymphocytes is not required for estrogen to exert these effects, suggesting that estrogens modulate B lymphopoiesis through production of a diffusible stromal cell product (6) .
The present studies indicate that androgens act through a stromal-dependent mechanism similar to estrogens, and identify TGF-β as at least one potential stromal cell product that mediates actions of this hormone. There are many striking parallels between the effects of androgens and TGF-β on B cell development. In previous studies, we have shown that androgens upregulate expression of TGF-β in the thymus (20) , and the present findings suggest that androgens also induce TGF-β in the bone marrow compartment. The role of TGF-β as a negative regulator of bone marrow B cell development has been well described (18, 33) , and receptors for TGF-β are expressed in bone marrow stromal cells (34) . Immature B cells are very sensitive to effects of TGF-β (35) , and other studies suggest that androgen sensitivity is also directed at these immature cells (11) . Mechanisms by which TGF-β alters B cell development may include downregulation or blockade of stromal cell- derived IL-7 (18, 32) ; whether levels of bioactive IL-7 in stromal cell supernatants are also reduced in the presence of DHT is under active investigation. Other mechanisms through which TGF-β may affect B cell development include acceleration of apoptosis and inhibition of cellular proliferation (33, 36) , two cellular processes that are associated with actions of DHT in the thymus (37, 38) . The many similar effects of TGF-β and androgens on developing B cells support a functional link, although the molecular mechanisms by which androgens increase TGF-β expression have not been elucidated to date.
Estrogens and androgens both have downregulatory effects on B cell development, yet they show different effects on expression of autoimmunity, with estrogens generally promoting immune reactivity. This apparent paradox may be explained by the fact that receptors for estrogen but not androgen are expressed in peripheral immune cells (39) . Estrogen mediates increased antibody and autoantibody production (40) and prevents induction of tolerance (41) in mature B cells. Acceleration of autoreactivity is most likely related to these peripheral effects of estrogens.
The mechanisms responsible for the ameliorating effects of androgens on autoimmune disease remain poorly understood. Findings in the current study suggest two possible pathways. One is in the generation of new B cells, a process that is reduced by androgens, and that can lead to decreased production of autoantibodies in a host that is for other reasons susceptible to autoimmunity, as has been demonstrated in autoimmune-prone mouse strains (42) . These effects also can be exerted in humans, as demonstrated by the ability of androgen replacement to reduce autoantibody levels in hypogonadal men with lupus (43) . A second, potentially related mechanism is through production of downregulatory mediators such as TGF-β. The importance of this mediator in autoimmunity is illustrated by effects in murine experimental autoimmune encephalomyelitis (EAE), which is a model for the human disease multiple sclerosis. Induction of protective tolerance in males with EAE is associated with increased production of TGF-β, a process that takes place in intact but not castrated males, suggesting that the cytokine response is hormone-dependent (44) . Further identification of the mediators and signaling pathways that are involved in the effects of androgens on B cell development may elucidate underlying mechanisms and suggest novel therapeutic approaches to autoimmune diseases.
